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Abstract
A process of structure formation taking place in the interfacial transition zone
(ITZ) “cement stone-aggregate” was studied on a variety of concretes made with
artificial and real aggregates. The study of these processes in the case of artificial
aggregate prepared from a mixture of clay loam and alkali-activated slag cement
showed that not only active SiO2 and Na2O but also other substances of both cement
and aggregate are involved in the formation of the ITZ. This results in the formation
of alkaline and alkaline-alkali-earth aluminosilicate hydrates which strengthen the
ITZ and improve strength and durability of the concrete. Thus, the alkali-silica
reaction (ASR) transforms from a destructive one (negative effect) into a construc-
tive one (positive effect). The study on the ITZ in the alkali-activated cement
concretes made with real alkali-susceptible aggregates selected from crushed basalt
rock, glassy waste product from basalt fiber production, crushed perlite rock, and
expanded perlite suggested to make a conclusion on the possibility to prevent the
destructive processes in the ITZ through the addition of the metakaolin additive
into the cement composition in quantities of 5–10% by mass. These conclusions
were supported by the long-term testing of strength of these concretes, by measur-
ing the deformations “shrinkage-expansion” as well as the results of study on
hardness of the ITZ.
Keywords: alkali-activated cement, alkali-aggregate reaction (AAR), alkali-silica
reaction (ASR), alkali-susceptible aggregate, alkaline and alkaline-alkali-earth
aluminosilicate hydrates, basalt rock, interfacial transition zone (ITZ), metakaolin,
perlite rock, Portland cement
1. Introduction
Nowadays, concrete is recognized as one of the basic constructional materials.
However, strict requirements to its performance properties, in particular durability,
are not met in all cases allowing big concerns to occur. With worsening of the
ecological situation and larger volumes of use of off-standard materials as concrete
constituents, durability became a main criterion of concrete quality. One poorly
studied and “hidden” reason explaining low durability of concrete in some cases is
the so-called internal corrosion occurring in a cement paste/aggregate interfacial
transition zone (ITZ) in concrete, where the cement paste with thicknesses of a few
1
microns comes into interaction with the aggregate. The ITZ is considered as the
strength-limiting phase in concrete.
The ITZ is formed in the process of redistribution of the substances of the
cement and aggregate and a result of the reaction “alkali-silicic acid.” Depending
upon a composition of the formed hydration products, this reaction can be either a
destructive (negative effect) one or a constructive (positive effect) one [1–5]. It is
believed [6–9] that destructive corrosion of concrete can occur as a result of chem-
ical interaction of alkalis Na2O + K2O of the cements with amorphous silica present
in particles of aggregates. Not only amorphous silica but also other substances of
aggregate constituents—microcrystalline quartz, micas, clay minerals—can enter
into interaction with alkalis. This changes a phase composition of the hydration
products in the ITZ, resulting in either its weakening or occurrence of critical
deformations of expansion. The problem is that these processes are very slow
and signs of corrosion can appear after months and in most cases after years of
service [9–16].
An alkali can come into concrete in case of cements with the increased
contents of alkaline oxides (Na2О + K2O) (over 0.6%). The higher quantities of
alkalis in concrete can be attributed to the wider use of chemical, mineral, and
organic additives and admixtures containing them. Alkalis can also come from
outside, for example, with seawater, de-icing chemicals, etc. [17, 36–38]. Also, in
recent years more and more widely spread are the alkali-activated cements [18–20],
in which the alkali contents (1.5–5.5% by mass) are much higher than the values
permissible for Portland cements (no more than NaO + K2O = 0.6% by mass).
This can in the future initiate an alkali-silica reaction (ASR) in case of alkali-
susceptible aggregates.
The results of first observations of cases of severe concrete damage as a result of
alkali-aggregate reaction were reported by E.A. Stephenson as long ago as in 1916.
In 1940 Stanton [21] observed the alkali-aggregate in the concrete used for divert-
ing dam in California. In the recent years, this problem attracted attention of
many researchers, which not only studied and continue to study a mechanism of
corrosion process but showed main factors which could affect the alkali-silica
reaction [1, 39–40]. Among these factors are the higher alkali contents of cement,
the higher cement content of concrete, quantity of alkali-susceptible aggregates,
temperature and humidity, permeability of concrete, ingress of alkalis from outside,
mineral composition of aggregates, etc.
All these allowed to develop measures on how to prevent or weaken the alkali-
silica reaction. Among such measures are the use of cements containing additives
with latent hydraulic activity or pozzolanic materials, such as granulated blast-
furnace slag (GBFS), fly ash, microsilica, volcanic glass, and metakaolin. So, Malek
and Roy [22] studied a role of Al2O3 and made a conclusion on its positive role in
transformation of the ASR from a destructive one into a constructive one. As a
result of the so-called “constructive” reaction, the insoluble alkaline and alkaline-
alkali-earth aluminosilicate hydrates, analogs to natural zeolites (CaO)
Na2OAl2O3nSiO2mH2O, can be formed in the ITZ. These conclusions were further
supported by numerous researchers [23–30], which provided practical solutions
on struggle with the ASR through addition in the cement composition of Al2O3-
containing additives. However, this oxide is contained in aggregates as well [31–35].
For this reason, the structure formation processes in the ITZ flow with participation
of not only substances of cement components, but of substances of aggregate
constituents as well, which always contain finely dispersed clay particles.
The purpose of this research was to study the influence of the processes flowing
in the interfacial transition zone in the alkali-activated cement concretes made with
different aggregates on their properties.
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2. Materials and testing techniques
In order to study the structure formation processes in the interfacial transition
zone, an artificial (model) granular aggregate was used: the granules were prepared
from the following mix—clay loam, 75% by mass; granulated blast-furnace slag,
25% by mass; and alkaline component (Na2CO3 solution), 15% by mass, without
any firing. The preparation process was as follows: all constituents were mixed, and
granules 10–20 mm in size were formed, which then were allowed to harden for
28 days in normal conditions.
The concrete cube specimens (10  10  10 cm) from the alkali-activated
cement (granulated blast-furnace slag, 92% by mass, and Na2CO3, 8% by mass) and
these granules to be used as aggregate were prepared and were subjected to steam
curing at t = 90  2°С for 8 h. The ITZ was studied at an age of 28 days.
To study properties of the concrete made using real aggregates, the following
cement compositions were chosen:
• Portland cement (OPC) + water
• Alkali-activated Portland cement (OPC + soluble silicate)
• Alkali-activated slag cement (GBFS + soluble silicate)
• Alkali-activated slag cement (GBFS + sodium metasilicate (Na2OSiO25H2O))
• Alkali-activated slag cement (GBFS + sodium carbonate Na2CO3)
Used as aggregates were:
• Crushed basalt rock
• Glassy waste product from basalt fiber production
• Crushed perlite rock
• Expanded perlite
Chemical composition of the constituent materials is given in Tables 1–3.
The alkaline activators were added in a form of solution; those were:
• Soluble silicateМs = 2.9. ρ = 1.3 g/cm3
• Sodium metasilicate (Na2OSiO25H2O) with ρ = 1.25 g/cm
3
• Sodium carbonate (Na2СО3) with ρ = 1.18 g/cm
3
Specific surface area of the granulated blast-furnace slag was 300–330 m2/kg
and that of the metakaolin, 1800 m2/kg.
Grain sizes of the aggregates were within ranges of 3–5 mm.
2.1 Test methods
Thin sections were cut directly from the beam specimens of the composition
“cement-aggregate” taken as 1:2 which were used to study the interfacial transition zone.
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The ITZ was studied with the help of a scanning electron microscope.
A hardness and elemental distribution in the ITZ were studied as well.
The metakaolin, taken in quantities 5–15% by mass, was chosen as an additive to
retard the ASR.
Material Mass percentage of oxides Σ % Мо Ма
SiO2 Al2O3 CaO MgO Fe2O3 SO3 Na2O + K2O LOI
GBFS 39.0 5.9 47.7 5.56 0.29 1.48 0.1 0.5 100.53 1.19 0.151
ОРС 21.82 5.30 65.91 1.11 4.86 0.99 0.22 0.2 100.41 — —
Metakaolin 55.05 35.40 3.01 0.92 4.27 0.28 — 0.07 99.00 — —
Clay loam 92.10 3.50 5.29 — 0.87 — — 2.12 103.88 — —
Table 1.
A chemical composition of the constituent materials.
Oxides Mass percentage of oxides
Basalt Perlite
Basalt rock Glassy waste product from
basalt fiber production
Perlite rock Expanded perlite
SiO2 50.200 50.050 72.820 76.730
Al2O3 14.000 15.350 12.500 13.160
Fe2O3 6.340 6.230 0.650 0.680
FeO 8.670 7.000 0.900 0.950
TiO2 1.620 2.680 0.110 0.110
MnO 0.240 0.300 0.030 0.030
CaO 8.350 9.210 1.070 1.120
MgO 6.600 5.580 0.170 0.180
P2O5 0.320 — 0.007 —
K2O 0.710 0.770 4.510 4.740
Na2O 2.270 2.180 2.100 2.210
SO3 0.080 0.150 0.050 0.040
LOI 0.550 — 4.750 —
Σ, % 99.950 99.500 99.667 99.950
Table 3.
Chemical composition of the aggregates.
Resulted density,
g/cm3
Silicate
modulus
Content calculated on dry
matter, g
Mass percentage of
oxides
In 1 l of
solution
In 1 kg of
solution
SiO2 R2O3 Na2O CaO
1.40 2.96 539.9 385.6 28.5 0.19 9.37 0.15
Table 2.
Characterization of the soluble silicate.
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Strength determination was done on beam specimens (4  4  16 cm) prepared
from the concrete mixture “cement-aggregate” taken as 1:2 by mass, except for the
specimens made using the expanded perlite as aggregate. Since mean densities of
crushed basalt, glassy waste product from basalt fiber production, perlite rock,
and cement were more or less close to each other, that of the expanded perlite was
different—it was by 10 times lower. For this reason, in order to maintain in all
specimens under study an equal volume of cement matrix, the proportions
between the cement and expanded perlite in the concrete were taken as 1:0.2 by
mass. After preparation, the specimens were kept for 2 days in normal condition
and then in a thermostat at temperatures of 20 and 65°С and relative humidity (RH)
of about 100%.
Autogenous deformations were measured using a device with a dial indicator
with a scale 0.01 mm. The basic measurements were taken at an age of 2 days.
A state of the interfacial transition zones, as was earlier mentioned, is deter-
mined, first of all, by the composition and properties of the hydration products as
well as by the interface bond strength due to a mutual penetration of the substances
of various constituents of the concrete mixture [31, 35]. However, because of small
dimensions of the subjects to be studied, the examination of the hydration products
in the interfacial transition zones is difficult. For this reason, a spectral imaging in
X-ray microanalysis was applied.
The presence and distribution of chemical elements that were supposed to pre-
sent in the composition of the hydration products, occurring in the interfacial
transition zone, was determined using this examination technique [41]. The ele-
mental (Na, Al, Si, and Ca) distribution was done using the X-ray images and their
concentrations—by an intensity of the characteristic lines. The concentration
curves of elemental distribution were plotted in accordance with the results of
qualitative analysis. A width of the section under study was 200 μm. The measure-
ment of microhardness was done with the use of a microhardness measuring appa-
ratus with a diamond pyramid.
3. Results and conclusions
3.1 The structure formation process in the ITZ “alkali-activated
cement-alkali-susceptible aggregate”
3.1.1 Concrete mixture “alkali-activated cement-artificial alkali-susceptible aggregate”
The study of the ITZ structure formation in the concrete mixture “artificial
granular aggregate-GBFS-Na2CO3 solution” taken in the following proportions,
8:1.95:0.5 by mass calculated on Na2CO3 dry matter, showed that the highest values
of microhardness were characteristic of the interfaces between the cement paste
and granules. This can be attributed to strong adhesion of the cementation material
to an activated matter of the clay loam-based loamy granules and formation of the
hydration products which determine high-performance properties of the concrete.
Bond strength in the interfacial transition zones of the steam-cured concrete is
3.8 MPa and after 3 years—4.5 MPa.
The structure of the ITZ in the steam-cured alkali-activated cement concrete at
an age of 28 days was dense. The boundary of the interface in some regions
discontinues, testifying to a mutual penetration of these regions and blurring the
border between the cement stone and aggregate.
The study of the 3-year-old concrete showed that the ITZ in this case is itself a
close interlacement of substances included in the cement paste and the granule and
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is characteristic of the presence of the clearly visible (expressed) new phases. The
interface is not visible (absent).
A comparative analysis of the obtained concentration curves of elemental distri-
bution (Figure 1) suggested to conclude that sodium, aluminum, silicon, calcium,
and iron are present over the whole width of the ITZ in the steam-cured alkali-
activated cement concrete. Sodium and silicon were distributed homogeneously
over the interface, iron is contained in small quantities (Figure 1a). The distribution
of Ca and Al is inhomogeneous. So, the content of calcium is reducing in two times
as far as closer to the granule, and that of aluminum—increasing in the same direct.
Evidently, it is attributed to the fact that the hydration products in the cement paste
are represented chiefly by low-basic calcium silicate hydrates and partially by the
hydrogarnets, so far as the alkaline aluminosilicate hydrates are formed in the
granules along with the abovementioned.
On the contrary to the investigated concentration curves of elemental (Ca and
Al) distribution in the ITZ of the 3-year-old alkali-activated cement, concrete is
characteristic of homogeneous uniform elemental (Ca and Al) distribution over the
width of the interface (Figure 1b). The earlier observed aggregations of calcium
near the cement paste and aluminum granules are absent. Calcium is homoge-
neously distributed over the interface, and quantity of aluminum approaching to
the cement paste of the concrete greatly increased. After 3 years of hardening of the
alkali-activated cement concrete, the curves of elemental distribution of all ele-
ments are characterized by high-frequency oscillations of concentrations, which can
be an evidence of the increase of the interface bond strength and compaction the
structure of the interface.
Evidently, change of the state of the ITZ in time can be attributed to physical-
chemical processes occurring in the concrete. Above such phenomena as adsorp-
tion, diffusion, and others, a chemical interaction of the substances contained
in various cements and aggregates took place, leading to formation of the
hydration products of the alkaline, alkali-earth, and mixed alkaline-alkali-earth
aluminosilicate composition—such compounds like aluminosilicates of sodium
and calcium.
Figure 1.
The concentration curves of elemental distribution in the cement paste/granular aggregate interfacial transition
zones in the steam-cured alkali-activated cement concrete: (а) at age of 28 days; (b) at age of 3 years [42].
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The presence of such interaction is supported by the statistical correlation anal-
ysis of the obtained data [42]. Analysis of the concentration curves suggested to
draw a conclusion on a correlation dependence between the chemical elements in
the interface.
The coefficients of correlation were calculated by methods of pair and multiple
correlation.
A comparative evaluation of the obtained data showed that in early ages of
hardening of the steam-cured alkali-activated slag cement concrete with artificial
granular aggregate in transition zone, the elements Na and Si, Al and Si, Al and Ca,
Na and Al, and Са and Si are combined; their coefficients of pair correlation are
significant. The closest bound in that case characterizes a coefficient of pair corre-
lation for Si and Са, which amounts for 0.782 before interface line and 0.689 after
the interface line. This can serve as evidence of the presence of calcium silicates in
the ITZ. However, the values of the coefficients of multiple correlation for Na, S,
and Са/RNa, Si, Ca/ and for Al, Si, and Са/RAl, Si, Ca/ for all interface exceed 0.6. That
showed that Si and Ca so far as Al and Na could incorporate in such compounds as
alumina silicates of sodium and calcium.
Analysis of individual coefficients of multiple correlation, which characterize a
bond between two elements in that time, a third element present at a constant level,
showed that these coefficients differ in value from the coefficients of pair correla-
tion. This difference is a proof of the interaction of all elements and their
interdependence. So, for example, at constant Si, a local coefficient of correlation
for Na and Al is equal to 0.26 and at constant Са—0.96, which is caused by great
influence of silicon (Si) on the bond “Na–Al.” Almost similar action is rendered
by sodium on the bond “Al–Si.” This can be seen from comparison of the
corresponding local coefficients of correlation. Moreover, the bond between Al
and Si is strongly affected by Са/RAl,Si,Ca = 0.114, in its turn closely connected with
bonded Si.
It is worth mentioning that the coefficients of pair correlation for Na and Сa in
the case under study are insignificant. However, this is not witnesses the absence of
the bond between them, since the individual local coefficient of multiple correlation
by alumina is 0.950. Evidently, this bond is considerably affected by aluminum Al,
which is much stronger attained by Na.
An interrelation between all elements under study is observed and after inter-
face line from the side of the granule.
The presence of such bond witnesses the appearance of the cement paste/gran-
ule interface in the alkali-activated cement concrete of chemical compounds of
alkaline, alkali-earth, and mixed alkaline-alkali-earth aluminosilicate composition.
Investigation of specimens of steam-cured alkali-activated cement concrete at
the age of 3 years showed that also in this case the compounds containing uni-
formly/homogeneously interrelated elements, Na, Al, Si, and Ca (all correlation
coefficients before the interface line and after it are significant), are present over
the ITZ. Moreover, the coefficients of pair correlation for Na and Al/ζNa, Al = 0.682–
0.707/, Na and Si/ ζNa, Si = 0.796/, and especially for Na and Сa/ζ Na, Ca = 0.580–
0.620/ at simultaneous increase of common coefficients of multiple correlation
significantly increased. A conclusion was made that the aluminum affects the Na-Ca
bond and calcium the Na-Al bond. This conclusion is supported by a difference of
individual coefficients of correlation between these elements from the coefficients
of pair correlation. All this is an evidence that quantities of the compounds of mixed
alkaline-alkali-earth alkaline aluminosilicate composition increased in the ITZ.
The higher correlation between all elements in time is caused by growth of the
hydration products in the ITZ and, hence, densification and strengthening of the
interface itself.
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The alkali-activated cement concrete with the artificial granular aggregate had a
dense structure and was characteristic of high bond strength of the granules with
the cement paste. A dense structure of the alkali-activated cement concrete under
study, as well as the composition of the hydration products, determine high
physical-mechanical properties of such concrete, which, in their turn, determine
performance properties.
3.1.2 The processes of structure formation in the ITZ “alkali-activated cement-natural
sustainable aggregate”
The structure formation processes in the ITZ of the concretes made using real
aggregates were studied on beam specimens (4  4  16 cm), which were subjected
to continuous steam curing for 360 days at temperatures of 38 and 65  3°С.
Micro photos of the ITZs in different concretes made from various cements and
aggregates are shown in Figures 2–7.
Thin plates for the examination with the help of an electron microscope were cut
directly from the beam specimens (4  4  16 cm).
As it follows from Figure 2, significant signs of corrosion in the concretes from
traditional (ordinary) Portland cement with crushed basalt rock are seen, the lowest
corrosion being in the case with the metakaolin additive (Figure 2b).
Figure 2.
SEM images of the ITZ concrete—“Portland cement-water-agregate” (а, c, e) without metakaolin additive;
(b, d, f) with metakaolin additive; 1, cement stone; 2, ITZ; 3, aggregate. Curing conditions—90 days of steam
curing at t = 65°С.
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The signs of corrosion in the concretes from traditional (ordinary) Portland
cement with crushed perlite rock and expanded perlite are, respectively, lower in all
cases than those in the case of the crushed basalt rock (Figure 2e, f). This can be
attributed to the presence in perlite (both expanded and not expanded) of active
Al2O3 with the glassy phase, which amounts to 90–97%, whereas a quantity of a
glassy phase in the crushed basalt rock is only 8–12%. Thus, though a total quantity
of Al2O3 in the crushed basalt rock and perlite is almost close (14.0% and 12.5–
13.2%, respectively) (Table 3), active Al2O3 is contained in the perlite in much
higher amounts. Moreover, in compliance with [4, 41], it may be allowed that a part
of the products of corrosion depose in a pore space of the perlite, thus eliminating a
little bit their deleterious action.
The compositions of the alkali-activated Portland cement with high-modulus
soluble silicate as alkaline activator are given in Figure 3. Metakaolin was used as a
modifying additive. Analysis of the micro photos showed that the hydration reac-
tion products are mostly observed in the composition with the crushed basalt rock
without additive (Figure 3a). The additive of metakaolin improves the picture. The
ITZ became sharp and clear (Figure 3b).
In the compositions with the crushed perlite rock and expanded perlite using
alkali-activated Portland cement with soluble silicate some signs of corrosion are
present in the ITZ in the additive-free compositions and are practically absent in the
compositions with the metakaolin additive (Figure 3c–f).
Figure 3.
SEM images of the ITZ concrete—“Portland cement-soluble silicate-agregate” (а, c, e) without metakaolin
additive; (b, d, f) with metakaolin additive; 1, cement paste; 2, ITZ; 3, aggregate. Curing conditions—90 days
of steam curing at t = 65°С.
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The nature of flow of corrosion processes in the alkali-activated slag composi-
tions with high-modulus soluble silicate is mostly similar to the compositions using
alkali-activated Portland cement (Figure 4a, b).
Reducing of silicate modulus of soluble silicate down toМs = 1 (sodium
metasilicate) and the use of solution of sodium carbonate (Figure 4a, e) leads to
decreasing of corrosion products in the ITZ in the additive-free compositions
compared to compositions using high-modulus soluble silicate (Figure 4a). The
metakaolin additive influenced positively on slowing of corrosion processes in the
ITZ (Figure 4b, d, f).
The influence of the curing conditions of the specimens on the development of
the corrosion processes is shown in Figures 5 and 6, where results of observation of
compositions using traditional (ordinary) and alkali-activated Portland cement with
crushed basalt rock are given, which cured for 90 days at t = 20, 38, and 65°С and
RH =100%.
It is shown that in this period at t = 20°С, there are practically no any signs of
corrosion in the ITZ “cement stone-aggregate” in both compositions, both with and
without the metakaolin additive, being fixed (Figure 5a, b). ITZ в additive-free
compositions at t = 38°С (Figures 5c, 6c) are a little bit less expressed and even less
at t = 65°С (Figures 5e, 6e). The presence of the kaolin makes the ITZ more clearly
expressed (Figures 5d, f and 6d, f).
The study on microhardness of the ITZ in the concretes with crushed basalt rock
showed that the metakaolin additive within the alkali-activated cements intensifies
constructive corrosion (Figure 7).
Figure 4.
SEM images of the ITZ concrete—“GBFS-alkaline component-basalt rock” (а, c, e) without metakaolin
additive; (b, d, f) with metakaolin additive; 1, cement paste; 2, ITZ; 3, aggregate. Curing conditions—90 days
of steam curing at t = 65°С.
10
Compressive Strength of Concrete
Thus, taking into account micro photos of the cement paste/alkali-susceptible
aggregate ITZ, the following conclusions can be drawn:
• At t = 20°С at an age of 90 days, all concrete specimens under study, not
depending upon a cement type and kind of aggregate, showed clear presence of
destructive processes in the ITZ.
• At t = 38°С at an age of 90 days in additive-free compositions, except for those
with perlite, in most cases there are fixed disturbance of sharpness and
integrity of the ITZ. The addition of the metakaolin to the traditional
(ordinary) Portland cement and alkali-activated cements reduces a quantity of
undesirable reaction products in the ITZ.
At the temperature t = 65°С at an age of 90 days, disturbance of the ITZ is much
more clearly expressed than that at t = 38°С, chiefly, in the concretes from cement
without additives. Exceptions are the concretes with perlite, where the products of
corrosion, probably, could distribute in a pore space of the aggregate and, above all,
perlites are represented, chiefly, by a glassy phase with rather high contents of
active alumina, which can bind rather effectively free alkalis, reducing, in this way,
a risk of active silica-aggregate reaction. The metakaolin additive in all cases influ-
ences positively on reducing deposits of the products of corrosion in the ITZ.
Figure 5.
SEM images of the ITZ concrete—“Portland cement-water-crushed basalt rock” (а, c, e) without metakaolin
additive; (b, d, f) with metakaolin additive; 1, cement paste; 2, ITZ; 3, aggregate. Curing conditions at t = 20,
38, 65°С 90 days after steam curing.
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XRD patterns of the specimens, modeling the cement stone/alkali-susceptible
aggregate ITZ, are shown in Figures 8–11.
Thus, in Figure 8 the diffraction characteristic of composition on the basis of
basalt and Portland cement (ordinary and alkali-activated) after their hardening in
the conditions of continuous steam curing for 360 days is represented.
Corresponding to the XRD analysis data, a phase composition of the hydrated
dispersions based on ordinary Portland cement and basalt (Figure 8, curve 2),
modeling the ITZ, is represented, chiefly, by the following hydrate new formations:
high-basic calcium silicate hydrates of the C6S3H (d = 0.335–0.284–0.246–0.237–
0.225–0.180 nm), C2SH (d = 0.284–0.270–0.246–0.190–0.180 nm) types, and low-
basic phases of the C3S2H3 (d = 0.56–0.284–0.184 nm) type. The presence of
Са(ОН)2 (d = 0.487–0.311–0.261–0.193–0.180 nm) and СаСО3 (d = 0.303–0.229–
0.21–0.193–0.188 nm) also was fixed. Also there are set weak lines of the C2АH4
(d = 7.17–0.376–0.266–0.258–0.246 nm) type. It is well-known that via the presence
of chemically active silica and alkalis, in this case Са(ОН), which is present in the
pores of the hardened concrete, a deleterious reaction “alkali-silicic acid” takes
place actively with formation of alkaline metal silicate gel in the aggregate/cement
stone ITZ. XRD analysis is not fixing X-ray amorphous phase of calcium silicate gel,
which may be forming in the ITZ and weakening it, but taking into elemental
distribution in the ITZ and extremely high expansion deformations of composite
materials with basalt (up to 2.15 mm/m), such possibility exists and mostly is
confirmed by the higher contents of Са and Si in the ITZ.
Figure 6.
Micro photos of the ITZ concrete—“Portland cement + soluble glass-basalt rock” (а, c, e) without metakaolin
additive; (b, d, f) with metakaolin additive; 1, cement paste; 2, ITZ; 3, aggregate. Curing conditions at t = 20,
38, 65°С 90 days after steam curing.
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Use in the composition with basalt of the alkali-activated Portland cement
leads to the changes in diffraction picture of the ITZ model (Figure 8, curve 3).
Thus, hydration depth of Portland cement is rising, resulting in reducing
intensiveness of the diffraction lines. Transformation of phase formation
processes took place in the direct of formation of low-basic silicate hydrates
of calcium CSH(I) (d = 0.283–0.270–0.247–0.179 nm) type and tobermorite
(d = 0.560–0.307–0.299–0.283–0.227–0.208–0.183 nm). The reflexes of Са(ОН)2
are totally absent.
In the ITZ silica, content reduces rapidly; at the same time, the quantity of
aluminum and sodium is rising. Thus it is possible to make a conclusion about
synthesis in the ITZ of sodium and mixed sodium-calcium alumina silicates,
confirming by the results of X-ray diffractogram analysis (Figure 9, curve 2). Thus,
Figure 7.
Hardness of the ITZ “cement stone-basalt” (а) cement stone + water; (b) cement stone + soluble silicate;
(c) GBFS + soluble silicate. Curing conditions—60 days of continuous steam curing at t = 65°С.
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at curve 3 appears lines of the Na2OAl2O34SiO22H2O (d = 0.56–0.343–0.293–
0.252–0.174 nm) and 2Na2O2CaO5Al2O310SiO210H2O (d = 0.654–0.467–0.353–
0.283–0.270 nm) phases.
Introducing of the metakaolin additive to ordinary Portland cement mixes with
water significantly not changing diffraction picture (Figure 9, curve 3). However,
as it seems from Figure 9, in the ITZ significantly reducing content of Са, and also
Figure 8.
XRD patterns of the ITZ of model systems: (1) “Portland cement-basalt”; (2) “Portland cement-basalt-water”;
(3) “Portland cement-basalt-soluble silicate.” Curing conditions—360 days at t = 65  3°С and RH = 100%.
Figure 9.
XRD patterns of the ITZ of model systems: (1) “Portland cement-metakaolin-basalt”; (2) “Portland cement-
metakaolin-basalt-water”; (3) “Portland cement-metakaolin-basalt-soluble silicate.” Curing conditions—
360 days at t = 65  3°С and RH = 100%.
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hydroxide ions, significantly reduces risk of corrosion processes in the ITZ in
destructive form. This correlates well with the data in [9], corresponding to which
the presence of active alumina in the Portland cement stone significantly reduces
alkali concentration in the pore space of Portland cement stone.
The last consideration is absolutely confirmed in the case of replacement of ordinary
Portland cementbyalkali-activatedPortland cementwith themetakaolin additive.Thus,
Figure 10.
XRD patterns of the ITZ of model systems: (1) “Portland cement-perlite”; (2) “Portland cement-perlite-water”;
(3) “Portland cement-perlite-soluble silicate.” Curing conditions—360 days at t = 65  3°С and RH = 100%.
Figure 11.
XRD patterns of the ITZ of model systems: (1) “Portland cement-metakaolin-perlite”; (2) “Portland cement-
water-metakaolin-perlite”; (3) “Portland cement-soluble silicate + metakaolin-perlite.” Curing conditions—
360 days at t = 65  3°С and RH = 100%.
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according to Figure 9, curve 2, hydration of Portland cement deepens, forming fine-
grained crystalline structure. The zeolite-like new formations—Na2OAl2O34SiO22H2O
(d = 0.561–0.343–0.293–0.251–0.174 nm),Na2OAl2O33SiO22H2O(d = 6.53–5.87–4.36–
2.86–2.19 nm) and 2Na2O2CaO5Al2O310SiO210H2O (d = 0.654–0.467–0.353–0.285–
0.269 nm)—are synthesizing in the ITZ,which is proven by increasing of Al andNa and
reducing ofСа content in the ITZ.
Use of alkali-activated slag cement is characterized by the more active synthesis
in the alkali-susceptible aggregate/cement stone ITZ of the low-basic hydrate new
formations as silicate, so as alumina silicate composition (Figure 12). This process
becomes greatly active exactly in the presence of metakaolin additive. Thus, in the
model system of the ITZ “alkali-activated slag cement stone-basalt aggregate,” there
are fixed zeolite-like new formations of the Na2OAl2O34SiO22H2O (d = 0.56–
0.343–0.293–0.252–0.174 nm) and Na2OAl2O33SiO22H2O (d = 0.653–0.587–
0.436–0.286–0.219 nm) types as well as low-basic silicate hydrates CSH(I)
(d = 0.530–0.304–0.28–0.181 nm) and xonotlite 6CaO6SiO2H2O (d = 0.425–0.389–
0.368–0.330–0.307–0.284–0.270–0.204–0.195 nm). That is confirmed by analysis
of the elemental distribution in the ITZ of the taken composition (Figure 12). Thus,
in the presence of metakaolin additive, reflexes of the mentioned above new for-
mations became sharper. Moreover, there is fixed new formation
2Na2O2CaO3Al2O310SiO212H2O type (d = 0.715–0.495–0.412–0.314–0.266 nm),
which is also classified as zeolites (Figure 12, curve 4).
Metakaolin additive reduces Ca content not only in the ITZ but also in cement
stone, showing possibility of synthesis of the aluminosilicate hydrates of mixed
sodium-calcium composition not only in the ITZ but in the cement matrix as well.
Figure 12.
XRD patterns of the ITZ of model systems: (1) “GBFS-basalt”; (2) “GBFS-soluble silicate-basalt”; (3) “GBFS-
metakaolin-basalt”; (4) “GBFS-soluble silicate-metakaolin-basalt.” Curing conditions—360 days at
t = 65  3°С and RH = 100%.
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It is known that there exist no absolutely inert aggregates. All aggregates more or
less react to the cement stone. But in some cases in the ITZ, destructive processes
took place, with “negative effect of corrosion,” meaning with gradual destruction,
and in other cases—structure formation processes with the “positive effect of
corrosion,” meaning without destruction and moreover with improvement state
of the ITZ.
In the alkali-activated cement concretes, especially cements containing the
metakaolin additive, at the surface of the aggregates appears a dense film of new
formation mostly represented by alumina silicate hydrate composition, which pre-
vents further admission of new portions of alkalis to the aggregate. Thus a way, due
to the partial corrosion of aggregate at the initial stages, on its surface it is forming
protective dense and impermeable capsule.
On the contrary to alkali-activated cement concretes, in ordinary Portland
cement concretes, gel-like new formations in the ITZ act as semipermeable films.
That means that alkalis are able to easy penetrate through new formations to
aggregate grain and new products of corrosion are accumulating under that film,
increasing osmotic pressure and leading to the degradation of ITZ and destruction
of concrete in general.
Thus, in the result of provided studies, the effectiveness of introduction into the
alkali-activated cement compositions with alkali-susceptible aggregates of active
alumina represented by metakaolin was proven, which makes it possible to bond
extra alkalis effectively and regulate structure formation processes in the cement
stone/alkali-susceptible aggregate ITZ, using partial surface corrosion of the aggre-
gate for synthesis in the interface of the zeolite-like hydrate phases.
3.2 Physical-mechanical properties of concretes
3.2.1 Concrete mixture “Portland cement + water”
The results of determination of compressive and bending strengths of the
concrete specimens made using the Portland cement as well as their autogenous
deformations are given in Table 4.
Taking into account data from the Table 4, depending upon curing conditions
of compositions and using as a criteria corrosion in the ITZ and the admissible
values of expansion of the specimens not exceeding 1 mm/m (0.1%) [42] with
simultaneous consideration of their strength characteristics, the following conclu-
sions can be drawn.
3.2.1.1 Curing conditions: t = 20 °C, RH = 100%
Curing of Portland cement specimens at t = 20°C more or less considerable
corrosion in all control ages (28–180 days) for all composition is not fixed, not
depending upon composition of the specimens. Strength (compressive and bend-
ing) characteristics of the specimens in these curing conditions at the given ages
tended to increase.
Reducing of shrinkage in the concretes made with basalt aggregates at an age of
90 and 180 days compared to that in 28-day age is set as insignificant, which
witnesses the beginning of a reverse process, meaning free development of corro-
sion processes in the ITZ of the concretes made using aggregates.
The metakaolin additive considerably decreased autogenous deformations of
shrinkage of the Portland cement containing specimens compared to additive-free
compositions, losing at the same time strength of the specimens compared to
additive-free compositions.
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3.2.1.2 Curing conditions: t = 65°C, RH = 100%
The most considerable changes, so as it was expected, were found in the struc-
ture of the ITZ of the specimens made using Portland cement curing at t = 65°С. So,
L/S1 Additive Temperature, °С Strength compressive/
bending, MPa, age, days
Shrinkage (expansion)
deformations, mm/m, age, days2
28 90 180 28 90 180
“Portland cement + water + crushed basalt rock”
36 — 20 70.1
7.1
76.0
9.3
77.7
11.1
0.50 0.44 0.40
65 75.9
9.4
72.8
9.2
70.9
9.0
+0.15 +0.69 +1.08
38 Metakaolin 20 64.2
6.8
75.2
6.7
76.6
7.0
0.41 0.30 0.23
65 69.0
7.2
56.3
6.9
52.0
6.7
+0.10 +0.52 +0.74
“Portland cement + water + chopped waste of basalt fiber production”
45 — 20 39.8
10.2
40.8
12.2
45.9
11.1
0.46 0.41 0.30
65 52.7
11.9
50.3
7.8
48.4
7.9
+0.11 +0.55 +0.99
48 Metakaolin 20 45.4
9.8
50.8
12.1
52.2
11.6
0.38 0.34 0.20
65 46.4
8.9
40.0
7.9
38.8
7.2
+0.13 +0.48 +0.59
“Portland cement + water + crushed perlite rock”
51 — 20 68.2
7.0
76.0
9.0
— 0.51 0.56 —
65 73.8
9.3
72.8
9.0
— +0.11 +0.23 —
53 Metakaolin 20 66.4
6.8
73.1
6.9
— 0.48 0.49 —
65 53.0
7.1
54.3
6.9
— +0.07 +0.18 —
“Portland cement + water + expanded perlite”
37 — 20 31.0
1.4
34.1
2.0
— 0.65 0.70 —
65 36.4
2.5
37.2
1.9
— 0.41 0.35 —
38 Metakaolin 20 29.2
2.0
35.0
2.3
— 0.53 0.59 —
65 36.1
2.4
37.7
2.3
— 0.29 0.27 —
1L/S, liquid-to-cement ratio.
2A minus sign (), shrinkage; plus sign (+), expansion of the specimens in relation to a basic measurement.
Table 4.
Strength characteristics and autogenous deformations of the concretes using cement system “OPC + water” vs.
curing conditions and concrete mixture design.
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at an age of 180 days in the concrete specimens with crushed basalt rock without
admixture, extremely high (dangerous) values of expansion—1.08–1.17 mm/m—
were found, reflexing in some drop of strength characteristics, both compressive
L/S1 Additive Temperature °С Strength compressive/
bending, MPa, age, days
Shrinkage (expansion)
deformations, mm/m, age,
days2
28 90 180 28 90 180
“Portland cement + soluble silicate + crushed basalt rock”
354 — 20 59.8
5.1
76.0
4.8
128.2
6.4
0.63 0.55 0.51
65 115.5
7.0
128.1
6.5
132.0
6.4
+0.18 +0.70 +0.81
354 Metakaolin 20 92.1
5.0
106.0
5.3
117.7
6.3
0.61 0.49 0.36
65 111.1
7.1
126.9
7.7
130.0
7.3
+0.09 +0.45 +0.48
“Portland cement + soluble silicate + chopped off-size basalt fibers”
454 — 20 44.0
8.9
69.6
8.7
81.9
10.9
0.47 0.41 0.38
65 93.9
10.3
93.5
11.4
88.7
9.1
+0.12 +0.63 +0.72
454 Metakaolin 20 62.4
5.8
73.3
6.9
88.0
9.3
0.58 0.60 0.57
65 90.9
11.2
103.8
12.0
109.8
11.8
+0.10 +0.44 +0.46
“Portland cement + high-modulus soluble silicate + crushed perlite rock”
51 — 20 75.2
6.1
79.3
5.9
— 1.10 1.15 —
65 88.0
6.8
91.0
7.4
— +0.16 +0.18 —
52 Metakaolin 20 73.7
6.2
76.1
6.2
— 0.64 0.67 —
65 88.9
7.1
93.0
7.3
— 0.04 +0.10 —
“Portland cement + high-modulus soluble silicate + expanded perlite”
36 — 20 39.9
2.0
42.3
2.3
— 1.22 1.26 —
65 44.4
2.7
45.5
2.5
— 0.68 0.66 —
37 Metakaolin 20 37.7
2.1
43.5
2.2
— 0.79 0.83 —
65 44.2
2.7
47.0
2.8
— 0.38 0.34 —
1L/S, liquid-to-cement ratio.
2A minus sign (), shrinkage; plus sign (+), expansion.
Table 5.
Strength characteristics and autogenous deformations of the concretes using cement system “OPC + soluble glass”
vs. curing conditions and concrete mixture design.
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and bending, of the specimens compared to those concretes of 28-day age at
t = 65°С. The addition of the metakaolin additive allowed to reduce the expansion
values at an age of 180 days to the safer level—0.74 mm/m.
L/S1 Additive Temperature, °С Strength compressive/
bending, MPa, age, days
Shrinkage (expansion)
deformations, mm/m, age,
days2
28 90 180 28 90 180
“GBFS + high-modulus soluble silicate + crushed basalt stone”
0.36 — 20 61.7
6.1
78.0
6.0
108.0
7.2
1.21 1.01 0.78
65 103.3
8.0
116.0
7.4
120.1
7.0
+0.58 +0.88 +0.91
0.36 Metakaolin 20 81.3
6.2
95.0
6.3
103.7
6.6
1.19 0.85 0.73
65 100.3
8.8
115.0
8.2
119.8
9.0
+0.44 +0.46 +0.47
“GBFS + high-modulus soluble silicate + glassy waste product of basalt fibers production”
0.45 — 20 92.0
10.7
94.9
10.9
95.0
11.1
0.83 0.86 0.82
65 102.0
12.0
100.3
9.0
97.2
8.9
+0.63 +0.86 +0.87
0.45 Metakaolin 20 78.0
12.1
88.7
11.9
99.8
12.0
0.66 0.63 0.65
65 108.0
10.8
111.0
11.3
115.2
11.2
+0.41 +0.44 +0.45
“GBFS + high-modulus soluble silicate + crushed perlite rock”
0.50 — 20 81.0
5.9
85.0
5.8
— 1.17 1.20 —
65 94.8
6.9
97.0
7.3
— +0.12 +0.15 —
0.51 Metakaolin 20 79.8
6.0
82.0
6.1
— 0.71 0.73 —
65 95.2
7.2
98.9
7.2
— 0.13 +0.09 —
“GBFS + high-modulus soluble silicate + expanded perlite”
0.35 — 20 37.0
1.7
40.2
2.2
— 1.33 1.40 —
65 42.4
2.5
43.3
2.4
— 0.75 0.67 —
0.36 Metakaolin 20 35.4
2.0
40.3
2.3
— 0.87 0.89 —
65 42.1
2.1
44.8
2.5
— 0.37 0.34 —
1L/S, liquid-to-cement ratio.
2A minus sign (), shrinkage; plus sign (+), expansion.
Table 6.
Strength characteristics and autogenous deformations of the concretes using cement system “GGBS + soluble
glass” vs. curing conditions and concrete mixture design.
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3.2.2 Concrete mixture “Portland cement + soluble silicate”
The results of determination of compressive and bending strengths of the con-
crete specimens made using the alkali-activated Portland cement as well as their
autogenous deformations are given in Table 5. The characteristics are varied
depending on composition and curing conditions.
3.2.3 Concrete mixture “GBFS + soluble silicate”
The results of determination of compressive and bending strengths of the con-
crete specimens made using the alkali-activated slag cement with high-modulus
soluble silicate, sodium metasilicate, and sodium carbonate as alkaline activators as
well as their autogenous deformations are given in Table 6. The characteristics are
varied depending on composition and curing conditions.
The development of shrinkage/expansion deformations of the concrete
containing “GBFS + soluble silicate” as cement and crushed basalt rock as aggregate
suggested to conclude that at almost complete similarity of regularities, they differ
from that made using the alkali-activated Portland cement only in absolute values
of characteristics—those are in some cases a little bit higher. A value of maximal
expansion of the concrete containing “GBFS + soluble silicate” as cement and
crushed basalt rock as aggregate within the ranges of experiment was 0.45–
0.91 mm/m (Table 6) and those in the case of the alkali-activated Portland cement
—0.46–0.81 mm/m (Table 5).
A character of strength gain of all compositions for all temperature regimes is
stable and without any drops (Table 6).
4. Conclusions
The processes of structure formation in the ITZ “alkali-activated cement-
artificial aggregate” are studied. It is set that the interface between them practically
disappears, which indicates about penetration of the elements and blurring the
border between the cement stone and the aggregate.
It is established that the positive result of the processes of such interaction of the
substances of cement elements and aggregate is the formation of alkaline and
alkaline-alkali-earth alumina silicate hydrates—analogs of natural zeolites,
transforming a destructive process of concrete corrosion into the constructive.
Comparative studies of the processes of the structure formation of the ITZ in the
alkali-activated cement concretes with different alkali-susceptible aggregates con-
firmed that Al2O3 plays a determining role in these constructive processes.
It is shown that the addition of the metakaolin additive as an Al2O3-containing
additive provides inhibition of alkaline corrosion processes, which is confirmed by
long-term testing of strength characteristics and deformation (shrinkage/expan-
sion) of concretes using different alkali-activated cements and alkali-susceptible
natural aggregates.
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